Based on first-principles calculations we analyze the magnetic order and the exchange interactions in monoatomic 3d transition-metal chains of V, Cr, Mn, Fe, and Co. While freestanding Fe and Co chains remain ferromagnetic in the entire range of interatomic distances, V, Cr, and Mn chains change their magnetic state from antiferromagnetic ͑AFM͒ to ferromagnetic ͑FM͒ upon stretching. The corresponding distance-dependent exchange interaction is in striking resemblance to the Bethe-Slater curve. We demonstrate that in combination with the symmetry reduction on the ͑110͒ surfaces of Cu, Pd, Ag, and NiAl even a weak chain-surface hybridization is sufficient to dramatically change the magnetic coupling in the chains. In particular, we find a tendency towards antiferromagnetic coupling. The obtained magnetic state of a specific chain depends sensitively on the chemical composition and the lattice constant of the surface. Surprisingly, Cr and Mn chains show a transition from ferromagnetic coupling in freestanding chains to antiferromagnetic coupling on the ͑110͒ surfaces of Pd, Ag, and NiAl. For Fe and Co chains on NiAl͑110͒ the FM and AFM states differ by only 2 meV, suggesting the possibility of a more complex, noncollinear magnetic ground state.
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I. INTRODUCTION
Driven by the dream of atomic-scale storage devices and spin-based computational schemes, magnetism in artificially created one-dimensional ͑1D͒ structures such as metallic wires is currently a topic of intense interest. While the fabrication of such structures is obviously a tremendous experimental challenge, the theoretical understanding is much more difficult than the simple structure of the systems suggests. Being at the boundary between the physics of itinerant electrons in bulk and localized electrons in molecules, chains are a fruitful playground for testing the validity and limitations of models characteristic of both branches. Especially striking are the consequences of 1D physics for magnetism in these systems. Electrons, which are confined in two dimensions and restricted in their dynamics to the remaining one, compensate the reduced hopping due to less neighboring atoms by favoring exchange. This leads to nonzero magnetization not only in chains of most transition metals, but even in sp metals 1 -for example, Al. 2 This strong tendency towards magnetism not only makes them promising candidates and model systems in the field of nanoscale magnetism and spintronics, but also stimulates a profound theoretical quest to revise well-known concepts in magnetism.
In their pioneering experiments 3 Gambardella et al. demonstrated ferromagnetic order and enhanced magnetic anisotropy of monoatomic Co chains on a stepped Pt͑111͒ surface. Numerous theoretical studies followed this experiment, focusing primarily on the unusual magnetic anisotropy in this particular system. [4] [5] [6] Some studies also considered magnetism and magnetic order of 4d and 5d transition-metal monoatomic chains. [7] [8] [9] Experimentally, the fabrication of such 1D structures is extremely difficult since either atom manipulation or self-assembly techniques are involved. For the latter only a few other examples exist until now. For example, monoatomic Co chains on Pd͑110͒ ͑Ref. 10͒ and biatomic Fe chains on the reconstructed ͑100͒ surface of Ir ͑Ref. 11͒ have been created. While these systems are assumed to couple ferromagnetically, more recently, there has been increasing interest in antiferromagnetic order. In a key experiment, Hirjibehedin et al. 12 suggested antiferromagnetic coupling in linear chains from two to ten Mn atoms created by atom manipulation on an insulating CuN/ Cu͑001͒ surface. An excellent description of the magnetic properties based on the Heisenberg model was possible due to the localized nature of the magnetic moments. On the other hand, ferromagnetism in Mn dimers on NiAl͑110͒ has been reported, 13 demonstrating the crucial impact of the surface on the exchange interactions.
Clearly, the surface composition, symmetry, and electronic properties as well as the interatomic distance in the chain could be equally important for the magnetic coupling between the chain atoms. In two-dimensional systems-i.e., ultrathin films-the competition of ferromagnetic and antiferromagnetic coupling, which can give rise to complex magnetic order, has been extensively investigated in the past but still new surprises are reported ͑see, e.g., Ref. 14͒. Concerning monoatomic wires, few studies exist to date, the first report focusing on freestanding wires. 15 For 3d transitionmetal chains on surfaces, calculations have been performed only for Fe and Co. While Fe chains always order ferromagnetically on the Cu͑11n͒ stepped surfaces, 8 monoatomic Fe-Co alloy wires on W͑970͒ ͑Ref. 9͒ show a strong tendency toward antiferromagnetism due to hybridization with the substrate. Relaxations can also affect the magnetic ground state of 1D systems due to the sensitive influence of substrate-chain interactions. However, they often have not been considered due to computational limitations.
Long before the development of first-principles electronic structure calculations exchange interactions in 3d transition metals ͑TM's͒ and their compounds have been widely considered based on the Heitler-London approximation and its formulation for ferromagnets by Heisenberg, 16 known as the Heisenberg model. A cornerstone of this approximation is the evaluation of the exchange integral J, as given by Heitler and London. 17 For the calculation of this integral there are no analytical models available except for hydrogen. 18 Numerical calculations give unreliable results, with disagreements not only in the magnitude of J, but even its sign. 19, 20 It was pointed out by Herring 21 that asymptotically the HeitlerLondon approximation predicts a wrong sign of the exchange energy. Furthermore, Herring 21 and Landau 22 developed a perturbation method based on the surface integral evaluation of J, which was successfully applied to scanning tunneling microscopy 23 and further generalized in order to describe the exchange interactions correctly in the whole range of the distance between the atoms. 24 Despite a strong subsequent critique, [25] [26] [27] relying on the Heitler-London expression for the exchange integral J, Bethe made some correct predictions on the sign and magnitude of J for 3d TM's. 28 Based on Slater's estimates for the mean radii of the 3d TM orbitals, 29 Bethe suggested a variation of J with interatomic spacing d. He concluded that for small d the exchange integral should be negative and, with increasing d, J approaches zero, becomes positive, reaches a maximum, and exponentially decays to zero. Bethe gave a rough sketch of this behavior, known as the Bethe-Slater ͑BS͒ curve, 30 which has been applied with some success in the physics of ferromagnetic alloys. 31, 32 In this paper we present a systematic investigation of the nature of the spin coupling in magnetic monoatomic wires by analyzing the exchange interactions in magnetic metal chains. We focus on 3d transition elements which in higher dimensions offer a wide scope of complex magnetic structures. After introducing the method and computational details of our calculations ͑Sec. I͒, we first consider the ideal case of freestanding chains of V, Cr, Mn, Fe, and Co ͑Sec. II͒. We discuss their magnetic properties and sign of the exchange interaction as a function of the interatomic distance. Surprisingly, we find for V, Cr, and Mn a transition from antiferromagnetic ͑AFM͒ to ferromagnetic ͑FM͒ coupling with increasing interatomic spacing. Co and Fe wires, in contrast, are ferromagnetic in the entire regime of interatomic distances but display large variations in the strength of the ferromagnetic coupling. The distance-dependent exchange coupling deduced from our calculations is in striking resemblance to the Bethe-Slater curve. Besides a stand-alone interest in the magnetism of these freestanding chains-e.g., in comparison with predictions from much cruder models such as the Bethe-Slater curve-such an investigation gives us a valuable starting point to disentangle the influence of the substrate for chains deposited on a surface.
For this purpose we have investigated the magnetic order in chains deposited on the experimentally promising, unreconstructed ͑110͒ surfaces of Cu, Pd, Ag, and NiAl ͑Sec. III͒. In particular for the noble metals we expect little influence on the electronic properties of the chain due to weak hybridization with the filled d bands. However, it turns out that due to the reduced symmetry and interaction with the 2D electronic states at the surface, even the weak perturbation of the chains electronic structure is sufficient to turn the magnetic order from ferromagnetic for freestanding Cr and Mn chains to antiferromagnetic for these chains on the surfaces. For V chains the sensitive competition between the exchange interactions within the chain and with the substrate leads to different ground states depending on substrate and lattice spacing.
Special attention is paid to the NiAl͑110͒ substrate, which has been used experimentally as a template to create monoatomic gold chains of up to 20 atoms, and a negligible influence on the gold chains electronic properties has been reported. 33 A subsequent theoretical study confirmed the weak perturbation of the electronic structure also for Mn chains. 34 We demonstrate here that the effect on the magnetic properties of monoatomic chains can be dramatic. For example, Cr and Mn chains show weak antiferromagnetic coupling while for Fe and Co the FM and AFM solution are degenerate within 2 meV per chain atom, suggesting the possibility of a more complex, noncollinear ground state due to higher-order spin interactions. We analyze the influence of different substrates in terms of the density of states and discuss the applicability of the generalized Stoner criterion. Finally, we present conclusions and a summary in Sec. IV.
II. COMPUTATIONAL DETAILS
We have performed ab initio calculations based on density functional theory ͑DFT͒ using the full-potential linearized augmented plane-wave method ͑FLAPW͒ in its 1D and 2D formulations as implemented in the FLEUR code. 35, 36 For the exchange-correlation potential we used the rev-PBE generalized gradient approximation to DFT. 37 The calculations of freestanding chains have been carried out with the 1D realization of the FLEUR code, 35 which allows efficient calculations of chains in a large regime of interatomic spacings. We used 16 k points in one-half of the 1D Brillouin zone ͑BZ͒ and k max of 4.0 a . u. −1 . For calculations of the surface-deposited monoatomic chains we used the film version of the FLEUR code. To simulate the semi-infinite crystal a slab of seven and five substrate layers was used for the fcc ͑110͒ and NiAl͑110͒ surfaces, respectively. We used the experimental lattice constants and exploited inversion symmetry by depositing chains on both sides of the substrate slab. Following values for the muffintin radii were used: 2.2 a . u. for Cu atoms, 2.3 a . u. for Pd and Ag atoms, 1.7 a . u. for Al atoms, 2.1 a . u. for Ni and chain atoms on NiAl͑110͒, and 2.2 a . u. for the chain atoms on the rest of the surfaces. An in-plane separation between the chains of approximately 15 a . u. ͑see Fig. 1 for a sketch of the geometrical setup͒ proved to give reliable results, which was also confirmed by other authors. 38 We used values of k max = 3.6-3.8 a . u. −1 depending on the surface, achieving consistency in the values of the total energy differences and spin moments. Normally, 24 k points in the irreducible wedge of the 2D BZ were used. If the total energy difference between the FM and AFM states was below 10 meV per chain atom, the reliability of the latter energy difference was checked with 48 k points.
We restricted structural relaxations almost exclusively to the ferromagnetic case with two chain atoms ͑one on each surface of the slab͒ in the unit cell, because, as shown later, the magnetic order affects the structural parameters by less than 1%. In this case the reliability of the obtained optimized atomic positions was carefully checked with respect to the number of k points, and we used 12, 24, and 48 in the irreducible wedge of the 2D BZ. If the total energy difference between the FM and AFM states was below 5 meV per chain atom, the structural relaxations were performed also for the AFM configuration. Surface and subsurface layers were relaxed for fcc substrates, while for NiAl͑110͒ only surfacelayer relaxations were taken into account.
III. FREE STANDING 3d TM CHAINS
We begin our investigation of magnetic exchange interactions in 3d transition-metal wires by considering the idealized case of freestanding chains. This way we study the intrinsic magnetic properties of the chains as a function of the 3d transition-metal and interatomic spacing d. Based on these calculations we aim at understanding the influence of the substrate on the chain properties, an issue which we elaborate in the next section. We focus on straight chains as our main interest are the properties of chains deposited on surfaces which dictate the chain structure and do not allow effects such as dimerization and zigzag creation. Among the magnetic solutions we consider only the collinear FM and AFM states, while possible noncollinear solutions are beyond the scope of this work.
We find the chains of all considered 3d elements, from V to Co, to be strongly magnetic when the distance between the chain atoms is above 4 a . u. and until well beyond 7 a . u. In contrast to 4d TM chains, 39 in the 3d TM chains the atomic orbitals are much more localized and in the whole range of interatomic distances the FM solution coexists with the AFM ordering of the local spin moments. The calculated values of the spin moments S are presented in Fig. 2 as a function of the interatomic distance d. At small interatomic distance, the magnetic moments are small due to a strong overlap of the neighboring 3d orbitals and rise rapidly with increasing distance, when the intra-atomic exchange begins to dominate. Starting from the interatomic distance in the range of 4 -4.5 a . u., depending on the element, the moments reveal a rather smooth behavior. At large d, deviation of S from the atomic value suggests a strong s-d hybridization with significant exchange splitting of the corresponding bands. This effect can be seen, for instance, for V, where the muffin-tin value of 3 B is close to that of a free V atom, arising predominantly from localized d electrons, while the remaining contribution to the total moment of around 1 B can be attributed to the occupation of the exchange-split delocalized s-d hybridized orbitals.
It is educative, therefore, to compare the spin moment within the muffin-tin sphere of each atom and the total spin moment in the unit cell. Their difference serves as a measure of the spillage of the spin density and, consequently, of the overlap between wave functions of neighboring atoms. It is the largest for V and decreases gradually as we move along the 3d series. This is in accordance with the general trend of increasing localization of d orbitals within each transitionmetal series. Only for V, Cr, and Mn do we observe that the difference between the muffin-tin ͑MT͒ spin moments of the FM and AFM state changes its sign at small interatomic distances within the regime of steeply increasing moments. For all chains, the local FM spin moment is larger than the AFM local moment at intermediate values of d, while the difference between these moments approaches zero with increasing d.
After having established the occurrence of large local magnetic moments due to reduced hopping of 3d electrons and large intra-atomic exchange, we now turn to the magnetic exchange interaction within the chains. In order to study the magnetic coupling, we compare the difference of the total energy of the FM and AFM solutions as a function of d, shown in Fig. 3 . Below we refer to this energy difference as E FA ͑d͒. For Cr and Mn chains a striking transition from the AFM to the FM state occurs with increasing interatomic distance. In Fe and Co chains, the FM state is favored in the entire regime of d while there is a large variation of the size of the energy difference. V is more complex, showing two transitions. For all chains, E FA approaches zero for large chain atom separation as expected due vanishing wave function overlap.
The occurance of FM order in Fe and Co wires and in V wires at large d can be understood based on the Stoner criterion because the Fermi energy E F of the nonmagnetic state is located either in the upper peak ͑Co, Fe͒ or the lower peak ͑V͒ of the 3d band, leading to a large density of states ͑DOS͒. The AFM ground state of Cr and Mn chains at small interatomic distances has a similar reason as that reported for Mo and Tc chains. 8, 39 Within the concept of band magnetism, it is due to a position of E F in the center of the d bands and a low DOS at E F in the nonmagnetic case. 8, 39 In contrast to chains of the late 4d and 5d transition metals, where a transition from an AFM to a FM state has not been observed, 8 the change of the magnetic ground state of Cr and Mn occurs at distances of 5.21 and 4.75 a . u., respectively. This transition, happening in the regime of nearly constant spin moments with a negligible difference between the local FM and AFM values, can be traced back to a change in the sign of the exchange interaction. For V, an interplay of the intra-atomic exchange energy due the steep rise of the moment with different moments of the FM and AFM configuration, S FM ͑d͒ and S AFM ͑d͒, with a change in the sign of the exchange interaction, leads to a peculiar behavior of E FA ͑d͒: with magnetic ground-state transitions happening twice, at 4.16 a . u. and 4.45 a . u.
Interestingly, we observe that the general form of the total energy difference E FA ͑d͒ in the freestanding 3d TM chains resembles that predicted by the BS curve for the exchange integral J͑d͒ ͑see inset in Fig. 3͒ . Within the Heisenberg model restricted to nearest-neighbor coupling, the total energy difference can be obtained from the exchange integral:
where S͑d͒ is the spin moment of each chain atom. Assuming a constant value of S͑d͒ as a function of d for the moment, we expect a similar functional form of the energy difference and the exchange integral. ͓This is a good approximation in a wide range of interatomic distances d; cf. We can even make a more quantitative comparison. Considering only Cr, Mn, Fe, and Co chains, we find that up to a distance of 5.5 a . u., Cr is more antiferromagnetic than Mn and Co is more ferromagnetic than Fe. Within the nearestneighbor Heisenberg model we can translate this into J Cr ͑d͒ Ͻ J Mn ͑d͒ and J Co ͑d͒ Ͼ J Fe ͑d͒ since S Cr Ϸ S Mn and S Fe Ͼ S Co ͑cf. Figs. 2 and 3͒ . This is in accordance with the BS curve as well, after noticing that the positions of the elements on the latter curve are given at roughly the same interatomic distance d of 4.72-4.76 a . u. 29 The direct comparison of the exchange integral J͑d͒ and the total energy difference E FA ͑d͒ is only valid within the nearest-neighbor Heisenberg model, and exchange interactions beyond nearest neighbors as well as interactions beyond the Heisenberg model-e.g., biquadratic terms-could play a role in the chains. The qualitative agreement of our calculation with the Bethe-Slater curve suggests a dominant nearest-neighbor exchange interaction. However, we cannot scale the curves to a single, unique function, which indicates the presence of other exchange mechanisms depending on the specific 3d element. Besides being an interesting observation our confirmation of the Bethe-Slater-like behavior of the exchange interaction as a function of interatomic distance in low-dimensional itinerant magnetism could be useful. It can serve as an ansatz and be a benchmark for further analytical and numerical endeavors in estimating the exchange integral 24 and a starting point to explore the limits of the Heisenberg model for chains and clusters of transition metals. 12 We speculate that the unexpected behavior of the magnetic coupling, in particular the magnetic ground-state transition at specific interatomic distances, could even be observed in magnetic breakjunctions or by using nanowires or carbon nanotubes as a template for monoatomic chain growth.
IV. 3d TM CHAINS ON SURFACES
In the previous section we have revealed a Bethe-Slatertype behavior of the exchange interaction in monoatomic 3d transition-metal wires. In the following we investigate how far the magnetic properties of such ideal freestanding chains can be conserved after deposition on a surface. Obviously, interactions between chain and surface atoms come into play and various hybridization-driven effects such as symmetry reduction and indirect exchange interactions will affect the magnetic ground state. Whether we can deduce the magnetic properties of the composite system from its constituents is not clear a priori.
A related subject and conceptual starting point for our study are monolayers of 3d TM's on surfaces. In this field we can roughly distinguish two classes of ͑nonmagnetic͒ substrates: weakly and strongly hybridizing. The first class, besides insulating materials, includes, for instance, noble metals such as Cu and Ag and can be characterized by a small monolayer-substrate interaction of d electrons. In this case, the magnetic order is determined by exchange interactions within the two-dimensional monolayer itself and does not change from the unsupported monolayers. 40 In contrast, 5d TM's such as tungsten or iridium with their delocalized 5d orbitals are typical examples of the second class of materials. Such surfaces strongly influence the magnetic order of the overlayer, and the magnetic ground state depends sensitively on the composite monolayer-substrate system. 14,41-43 For a monoatomic chain, however, the number of nearest neighbors is significantly smaller than for a monolayer, and one could expect interactions with the substrate to become comparable to those within the chain itself, if not dominant, even for the substrates from the first class. In this section we confirm this notion based on our ab initio calculations.
In order to investigate the effect of a substrate on the magnetic state of the 3d TM chains, we have chosen the experimentally promising ͑110͒ surfaces of fcc Cu, Ag, Pd, and bcc NiAl. These unreconstructed surfaces provide trenches for the growth of the chains ͑see Fig. 1͒ and thereby may enable the creation of monoatomic chains by atom manipulation as well as by self-assembly. In our calculations the chain atoms are located in the hollow sites of the surface layer above the subsurface layer atoms as shown in Fig. 1 . In this geometry every chain atom possesses two chain atoms as well as five surface atoms as nearest neighbors. In a previous theoretical study 34 it has been demonstrated that the electronic properties of Mn, Ni, Au, and Cu chains are only weakly perturbed in this configuration on NiAl͑110͒; however, the magnetic order was not considered. The interatomic distance in the chains is dictated by the substrate lattice constant. We keep this constant at its experimental values-i.e., 4.82 a . u. for Cu, 5.30 a . u. for Pd, 5.59 a . u. for Ag, and 5.50 a . u. for NiAl-relaxing the rest of the structural parameters, as described in Sec. II. These values are well suited to scan the interesting regime of interatomic spacings of the freestanding chains, in particular to check whether the transition from AFM to FM can be conserved on a surface.
We initially focus on chains of V, Cr, and Mn because these show a FM-AFM magnetic order transition with interatomic spacing, and later on we complete our calculations by considering Fe and Co chains on Cu͑110͒ and NiAl͑110͒. As in the previous section we discuss the total energy difference between the FM and AFM solutions defined as E FA , shown in Fig. 4 . In comparison to the freestanding chains, we observe a striking shift in the energy difference in favor of antiferromagnetic order. For Cr and Mn wires this shift is 100-200 meV per atom and leads to an AFM solution on all considered surfaces. However, the general monotonic increase of E FA as a function of d up to 5.5 a . u. observed for the freestanding chains is preserved and especially visible for Cr. Clearly, there is a competition between ferromagnetic intrachain coupling and antiferromagnetic coupling due to the substrate. On the ͑110͒ surface of NiAl this competition results in a very weak overall antiferromagnetic coupling.
The magnetic order in V chains is more sensitive to the specific surface. For a freestanding chain the FM solution is favorable by a very large energy; however, the interaction with the surface shifts the entire curve by about 300 meV per atom which leads to a transition to an AFM state on Cu͑110͒. At a slightly larger interatomic distance on the Pd͑110͒ surface, the FM state is recovered. On NiAl͑110͒ the total energy difference rises even more in favor of the FM solution. The sensitive influence of the specific surface electronic structure on the magnetic coupling is apparent from the case of Ag͑110͒. While the freestanding V chain has a strong tendency towards a FM state the competition with the chainsurface interaction leads to the peculiar situation of a nearly degeneracy of the FM and AFM states. In such a situation, magnetic states beyond these simple collinear states need to be considered since magnetic interactions beyond nearest neighbors might play a role.
A more detailed analysis and understanding of the impact of the substrate on the magnetic coupling in the deposited chains can be obtained from the DOS. We choose Cr chains as an example, and Fig. 5 displays the local DOS of the Cr atoms on the four considered substrates in comparison with the freestanding geometry at the corresponding interatomic distance. Starting with the DOS of the nonmagnetic state, shown in the upper row of Fig. 5 , we observe the characteristic 1D van Hove singularities in the 3d band of the freestanding chains. For Cr the Fermi energy is between two singularities approximately in the center of the 3d band. Within a generalized Stoner picture this position of the Fermi energy in combination with a relatively wideband DOS leads to an AFM ground state. As the interatomic spacing is increased-i.e., from left to right in Fig. 5 -the bandwidth decreases and the DOS rises sharply at the Fermi energy. While the Fermi energy is still in the center of the 3d band the enhanced DOS results in an instability towards a FM solution. This transition from an AFM to a FM state leads to the observed Bethe-Slater-type behavior discussed in the previous section.
Next we turn to the nonmagnetic deposited Cr chains. Due to s-d hybridization of surface and chain states, the DOS spills out from the 3d band of Cr which slightly increases the bandwidth. More important, however, is the smearing out of the sharp features which were present in the DOS of the freestanding chains. Because of the reduced symmetry at the surface and interaction with the two-dimensional bath of the surface electrons, band degeneracies are lifted and the van Hove singularities at the Fermi energy due to the hybridization of d xy and d x 2 −y 2 states in the free chains disappear. This reduction of the DOS at the Fermi energy causes the transition to AFM order for Cr chains on the surfaces.
While the Stoner picture suggests a simple explanation of the magnetic order in these systems one should note that the magnetic solutions ͑see middle and bottom rows of Fig. 5͒ display additional hybridization effects due to the exchange splitting of the DOS. These are particularly strong for the AFM solution. For freestanding chains there is little hybridization between nearest neighbors due to the antiparallel spin alignment and the DOS consists of sharp resonance features. On a surface these peaks broaden into bands. Such hybridization effects in combination with surface relaxations may influence the magnetic ground state of a specific chainsurface system. E.g., for Cr and Mn chains on NiAl͑110͒ the total energy difference between FM and AFM state is quite small due to the competition of intrachain and chain-surface interactions and sensitive to other influences.
In low-dimensional systems structural relaxations can be crucial due to the reduced coordination number and have therefore been taken into account for the chains on surfaces. The results of the relaxations are summarized in Table I . We observe significant changes of the lateral and vertical positions of the chain, surface, and subsurface atoms in many cases. It is useful to focus in particular on the change of the nearest-neighbor distances ͑d 1 and d 2 ͒. On the Cu͑110͒ surface, the V, Cr, and Mn chains relax outward from the Cu surface and the surface Cu atoms shift slightly away from the chain axis to reduce the compression of the 4s-electron gas, and the nearest-neighbor distances increase by up to 4.5%. Fe and Co chains, with less extended 3d orbitals, on the other hand, relax considerably inward but the surface Cu atoms move away from the chain axis and the nearestneighbor distances d 1 are only slightly changed. The Ag͑110͒ surface possesses a much larger lattice constant, in comparison, and consequently also the early 3d TM chains of V, Cr, and Mn display strong inward relaxations while the Ag surface atoms shift only by small amounts.
On the Pd͑110͒ surface, in contrast, there is strong hybridization and bonding of Pd 5d and chain 3d states and all chains relax inward by large amounts and the bond lengths are much reduced. This chain-surface interaction is also reflected in a large reduction of the chain magnetic moments; cf. Table II. The NiAl͑110͒ surface is structurally more complex due to the interaction with two different chemical species of the surface. The bond length to the Al atoms changes in a similar fashion as observed above on the Cu and Ag surfaces. For V, Cr, and Mn chains the distance changes only slightly while for Fe and Co chains it decreases by 6%-8%. ͑Note that there is only little dependence of the relaxation on the magnetic state for Fe and Co chains, supporting our decision to relax only critical systems in both FM and AFM configurations.͒ The distance to the Ni atoms increases for V and Cr, while large reductions are found for Fe and Co. In general, we find that Co suffers the strongest interactions.
Another indicator of the chain-surface interaction and its influence on the chain magnetism is the change of the spin moment given in Table II for the 3d TM chains. Among the three elements, V is prone to the largest interaction with the substrate leading to large reductions of the spin moment; e.g., on the Cu͑110͒ and Pd͑110͒ surface it decreases by almost half the value of the freestanding chain in the FM state. On NiAl and Ag, with larger nearest-neighbor distances, the hybridization between chain and surface is smaller and the spin moments change much less. For Cr and Mn the changes of the spin moment are in general much smaller. The relatively large reduction of the Cr total moment ͑in the unit cell͒ on Pd͑110͒ is due to the antiferromagnetic coupling to the surface Pd atoms. In contrast, the coupling is ferromagnetic for Mn chains and the Mn moment is affected only weakly. For Mn the spin moments remain close to 4 B on all surfaces and for all magnetic configurations. Fe and Co spin moments are influenced more strongly than those of Mn, but still the reduction in their values reaches at most 0.5 B . In conclusion, the size of the magnetic moments is influenced weakly by the interaction with the surfaces while the magnetic order in the chains depends sensitively on it.
In order to take a different perspective on the mechanism responsible for the drastic changes in the ground state of the supported chains we investigate their magnetism as a function of the band filling on Cu͑110͒ and NiAl͑110͒, Fig. 6 . The interaction with the NiAl͑110͒ surface shifts the entire total energy curve by an almost constant energy towards the AFM state. The largest influence of the surface is seen for Co, in agreement with the strongest relaxations; cf. Table I.   TABLE I . Relaxations of the metal chains on ͑110͒ surfaces of Cu, Pd, Ag, and NiAl. For the fcc ͑110͒ surfaces the following parameters are given: ⌬Y, change in distance of the atom of the surface layer to the chain axis ͑x axis͒ along the y axis ͑perpendicu-lar to the chain͒; ⌬Z 1 , change in distance along the z axis between the chain atom and the surface layer; ⌬Z 2 , change in distance along the z axis between the chain atom and the closest atom of the subsurface layer; d 1 ͑d 2 ͒, distance between the chain atom and the closest atom of the surface ͑subsurface͒ layer. For the NiAl͑110͒ surface the following parameters are presented: ⌬Y Al , change in distance of the Al atom of the surface layer to the chain axis along the y axis; ⌬Z M-Al ͑⌬Z M-Ni ͒, change in distance along the z axis between the chain atom and the Al ͑Ni͒ atom of the surface layer; d M-Al ͑d M-Ni ͒, distance between the chain atom and the Al ͑Ni͒ atom of the surface layer. All the values, except when specified differently, are given in atomic units, "ϩ" ͑"−"͒ mean increase ͑decrease͒ in respective distance, as compared to the unrelaxed value. The unrelaxed values of d 1 40 More insight into the chain-surface interaction can be obtained from the densities of states, presented in Fig. 7 for chains on NiAl͑110͒. In the nonmagnetic calculation ͑upper panels͒, we observe that the V and Cr d bands are rather high in energy and overlap only with the strongly dispersive sp states of the Al atoms near the Fermi energy. The low DOS of Al prevents major modifications in the d bands of V and Cr, and characteristic features and the bandwidths are nearly preserved. At the end of the 3d series in contrast, the d bands of Fe and Co are lower in energy due to larger band filling and reach the energetic position of the high DOS of the surface Ni atoms. The hybridization is consequently strong, and distinctive peaks of the freestanding chain DOS are smeared out. For the magnetic solutions, the exchange splitting pushes the chains d bands down in energy, effectively increasing the overlap with the d states of surface Ni, smoothing out the freestanding chains DOS significantly ͑this effect is in particular clear for AFM Co͒. Therefore, the simple Stoner picture, where the DOS of the spin-polarized chain could be obtained by a simple shift of the nonmagnetic DOS, cannot provide a full explanation of the magnetic ground state. In addition, the large exchange splitting of the chains 3d bands causes a large spin polarization at the Fermi energy for Mn, Fe, and Co chains.
V. CONCLUSIONS
We have performed ab initio calculations to investigate the magnetic order and exchange interactions of monoatomic TABLE II. Magnetic spin moments of V, Cr, Mn, Fe, and Co chains on the ͑110͒ surfaces of Cu, Pd, NiAl, and Ag in the ferromagnetic ͑FM͒, and antiferromagnetic ͑AFM͒ states. In the FM state the total moment in the unit cell ͓FM ͑tot͔͒, the moment within the muffin-tin sphere around the chain atoms ͓FM ͑mt͔͒, and the muffin-tin moment of the closest surface atom ͓Surf. ͑mt͔͒ are given. In the AFM state only the muffin-tin moment can be given. Values in brackets correspond to those for the freestanding chains on the substrate-imposed interatomic distance. All magnetic moments are given in units of B .
Cu͑110͒
Pd͑110͒ chains of the 3d transition metals V, Cr, Mn, Fe, and Co as a function of interatomic distance with and without substrates. As trial substrates for this purpose we have chosen the experimentally promising ͑110͒ surfaces of Cu, Pd, Ag, and NiAl.
For the freestanding chains we have found the expected strong tendency towards magnetism-e.g., the occurrence of large magnetic moments and stable FM and AFM solutions. We find a transition from antiferromagnetic to ferromagnetic coupling with interatomic distance for V, Cr, and Mn while Fe and Co are ferromagnetic within the entire regime. We deduce the exchange coupling from our calculations and find that the functional dependence on interatomic spacing closely resembles the Bethe-Slater curve for all these elements.
For chains on surfaces a large shift in the exchange coupling towards antiferromagnetism occurs. Even on the NiAl͑110͒ surface, a favorable template for chain growth with negligible effect on the chains intrinsic electronic properties, the reduction in the energy difference between FM and AFM states is significant. This results in a ground-state transition from FM to AFM for Mn and Cr. For Fe and Co, which suffer a stronger interaction with theNiAl surface than the early 3d TM's, the nearest-neighbor FM exchange coupling between the neighboring spins is significantly weakened. Under such conditions, higher-order spin interactions or exchange interactions beyond nearest neighbors may determine the final ground state which could be more complex than the simple collinear state.
Given the localized nature of the 3d orbitals and the strong intra-atomic magnetism in 3d TM chains with large local spin moments, we characterize the magnetism in these chains as supple-i.e., locally strong with the coupling between the neighboring spins being easily modified by interactions with the surroundings. The delicacy of the chains exchange interactions suggests a search for new criteria in evaluating the influence of the substrate on the magnetism in chains and opens a quest for new types of surfaces, which do not significantly affect the magnetic coupling between the deposited atoms.
